prevalence estimates and evidence informing treatment targets for thyroid dysfunction largely come from studies of middle-aged adults. We conducted a cross-sectional analysis to determine the prevalence of thyroid dysfunction and risk factors for abnormal thyroid tests in participants aged ≥65 in the Atherosclerosis Risk in communities (ARic) study (n = 5,392). We measured serum concentrations of triiodothyronine (T3), free thyroxine (FT4), thyroid peroxidase antibody (Anti-TPO), and thyroid stimulating hormone (TSH). In this population (58% women, 22% black), 17% reported medication use for thyroid dysfunction. Among those not on treatment, the prevalence of overt and subclinical hypothyroidism was 0.82% and 6.06%, respectively. Overt and subclinical hyperthyroidism affected 0.26% and 0.78%, respectively. Multivariable adjusted TSH, FT4 and T3 levels were 25%, 1.3% and 3.9% lower in blacks compared to whites, respectively. Men were less likely to be anti-TPO positive compared to women (p < 0.001). Former and never smoking were associated with lower T3 and FT4 levels compared to current smoking. The prevalence of thyroid dysfunction in older adults is nearly 25%. Multiple illnesses can interact to contribute to declines in health. Additional attention to thyroid dysfunction and screening in this age group is recommended.
Thyroid dysfunction is one of the most common endocrine disorders seen in clinical practice. The prevalence of thyroid dysfunction varies by age, sex, race/ethnicity, and geographically through variations in dietary iodine intake 1, 2 . Abnormal thyroid function has important ramifications on health outcomes pertinent to older adults, including cardiovascular arrhythmia, metabolism, bone health, and mental health [3] [4] [5] [6] [7] . Current estimates of the prevalence of thyroid dysfunction are largely derived from data in predominantly white middle-aged populations [8] [9] [10] . There are limited available data on the prevalence of thyroid dysfunction in older adults. Furthermore, some studies have shown that the TSH distribution shifts to higher values with increasing age suggesting that a universal treatment target may not be appropriate for all ages 11, 12 . Currently, in clinical practice, guidelines recommend the same cut-points for thyroid hormones irrespective of age, race, or sex 13, 14 .
Little is known about risk factor associations for thyroid dysfunction and correlates of the individual thyroid hormones in an older adult population. While multiple studies have examined associations of race, sex, BMI, dyslipidemia, heart rate, glycemic control, kidney function and smoking with thyroid hormone levels in middle-aged cohorts 6, 9, 10, 12, [15] [16] [17] [18] , few studies have addressed these associations exclusively in an older adult population 19, 20 . In light of the above, the objectives of this study were to (1) investigate the prevalence of thyroid dysfunction in an older community-based U.S. population, (2) better understand demographic and clinical risk factors for thyroid dysfunction in this older age group, and (3) examine the relationship between serum concentrations of triiodothyronine (T3), free thyroxine (FT4), thyroid peroxidase antibody (anti-TPO), and thyroid stimulating hormone (TSH) with demographic and clinical risk factors.
Results
Among the 5,392 participants, using the ARIC defined (or Roche defined) cut-offs, the prevalence of hypothyroidism was 23.78% (28.90%) and the prevalence of hyperthyroidism was 1.15% (0.36%). Among those with hypothyroidism and hyperthyroidism, 71.06% (56.13%) and 9.68% (30%), respectively, were treated previously. The prevalence of overt hypothyroidism in untreated participants was 0.82% (2.21%), subclinical hypothyroidism was 6.06% (10.5%), overt hyperthyroidism was 0.26% (0.07%), subclinical hyperthyroidism was 0.78% (0.18%) and euthyroidism was 75.07% (70.74%). The prevalence of participants with treated hypothyroidism or hyperthyroidism was 16.90% (16.22%) and 0.11% (0.11%) respectively (Table 1 ). Significant differences in prevalence of thyroid dysfunction were observed across participant characteristics. Women had a higher prevalence of treated hypothyroidism compared to males (P < 0.001). Subclinical hypothyroidism and treated hypothyroidism were significantly greater in whites compared to blacks (P < 0.001), while prevalence of subclinical hyperthyroidism was greater in blacks compared to whites (P = 0.002). Higher age and BMI were significantly associated with higher prevalence of subclinical hypothyroidism (P = 0.008 and 0.004 respectively) and treated hypothyroidism (P = 0.001 and 0.049 respectively) ( Table 1) . Figures 1-4 show the prevalence of thyroid dysfunction categories by race and age group. Across each age group, the prevalence of subclinical hypothyroidism was higher in whites compared to blacks, with the highest prevalence found in the oldest age group (Fig. 2) . The opposite trend was observed for subclinical hyperthyroidism, in which prevalence was greater in blacks compared to whites at any given age group (Fig. 4) . No clear racial differences were observed for untreated overt hypothyroidism and untreated overt hyperthyroidism (Figs 1, 3) .
In adjusted analyses, TSH levels in black individuals, on average, were 24.7% lower compared to whites (P < 0.001) after adjusting for sex, age, BMI, smoking and drinking history, physical activity and anti-TPO positivity (Table 2 ). Racial differences were also observed with FT4 and T3, in which levels were 1.32% (P = 0.023) and 3.89% (P < 0.001) lower in blacks compared to whites, respectively. Both FT4 and T3 were associated with sex, with levels 1.25% (P = 0.009) and 1.75% (P = 0.001) lower in men compared to women respectively. There were no significant independent differences in TSH by sex.
Of all three blood tests, T3 was most strongly associated with age, with levels up to 6.6% lower in individuals older than 80 years of age compared to those ages 65-70. A clear association with age was not observed for FT4. TSH on the other hand, was positively associated with age, with levels up to 9.1% higher in individuals >80 years-old compared to 65-70 years-old (P = 0.003) ( Table 2) . T3 levels were 3.5% higher in overweight or obese individuals compared to individuals with a normal BMI. By contrast, FT4 was lower at higher BMI categories. No statistically significant association was observed between TSH and BMI after adjustment.
Smoking status was significantly associated with TSH, FT4, and T3 levels. Current smokers had lower TSH levels compared to former or never smokers (P < 0.001). An inverse relationship was observed for FT4 and T3, in which current smokers had higher levels compared to former or never smokers (P < 0.001). We did not observe an association of TSH or FT4 with drinking history, although T3 levels were lower for current drinkers as compared to never or former drinkers (P < 0.001) ( Table 2) . We observed sex differences in anti-TPO positivity. 
Discussion
In this study, we assessed the prevalence of thyroid dysfunction, and the associations of TSH, FT4, T3 levels and anti-TPO positivity with various demographic and clinical risk factors. Our study has the following important findings: (1) the prevalence of thyroid dysfunction in an older age population was nearly 25% when accounting for treated and untreated thyroid dysfunction categories, (2) significant sex and racial differences were observed in subclinical hypothyroidism, subclinical hyperthyroidism, and treated hypothyroidism in this age group, (3) significantly lower TSH, FT4 and T3 levels were observed in older males and older black individuals, and 4) thyroid hormone levels were associated with clinical risk factors including smoking history, and BMI category.
Data from the Third National Health and Nutrition Examination Survey (NHANES III) conducted from 1988-1994 in individuals aged 12 and older and representative of the general U.S. population found that approximately 4.6% had undiagnosed hypothyroidism (0.3% clinical and 4.3% subclinical) and 1.3% had undiagnosed hyperthyroidism (0.5% clinical and 0.7% subclinical). This survey also observed the prevalence of anti-TPO positivity and TSH concentrations to be greater in females, increase with age, and greater in whites and Mexican Americans compared to blacks 10 . In our study of an older population, we observed a higher prevalence of undiagnosed hypothyroidism (6.88%, 0.82% overt and 6.06% subclinical) and a smaller prevalence of undiagnosed hyperthyroidism (1.04%, 0.26% overt and 0.78% subclinical). We did observe higher levels of TSH in white participants, and men were less likely to have anti-TPO positivity compared to women. Racial disparities in thyroid hormones have been previously reported in the literature 18, 21 . Although TSH levels were lower in men compared to women, our results were not significant after adjustment, and only FT4 and T3 demonstrated sex differences in older adults. One explanation for these findings could be related to hormonal action, given that women in our cohort were post-menopausal. Some studies have demonstrated that higher estrogen levels contribute to elevated levels of TSH or lower levels of FT4, resulting in hypothyroid symptoms 22, 23 . In our cohort of post-menopausal women, this mechanism would be diminished.
Compared to NHANES, our estimates demonstrated a greater prevalence for all thyroid dysfunction categories (except for overt hyperthyroidism), particularly in subclinical hypothyroidism, which could partly be explained by the older population used in our analysis. Previous studies have demonstrated a higher prevalence of thyroid dysfunction in older individuals 9, 24 . One study suggested that with aging, the set point for TSH secretion is altered, resulting in higher serum TSH concentrations due to diminished sensitivity of thyrotropes to negative feedback of thyroid hormones 11 . Other studies demonstrated that if age-adjusted normal ranges are used in older adults, the prevalence of thyroid dysfunction may not increase with old age and some individuals might be reclassified from "abnormal" to "normal", avoiding unnecessary treatment 11, 12 . The debate regarding age-specific cut-points for thyroid dysfunction has clinical and economic implications, given the high prevalence in older adults and decreasing TSH threshold levels for treatment over the years 25 . The strong association between smoking and thyroid hormone levels has been previously demonstrated 17 . In a cross-sectional study of the effect of smoking on TSH levels, serum TSH levels were significantly lower in current smokers than in non-smokers 17 . Similar to these findings, we observed significantly lower levels of TSH, and higher levels of FT4 and T3 in current smokers compared to never or former smokers. Lower serum TSH levels have also been observed in active smokers in the NHANES III study 15 . While the mechanism for an association of smoking with thyroid hormone levels is unknown, one proposed explanation is that nicotine's effect on sympathetic activation could enhance thyroid hormone secretion 17 . If causal, smoking in older adults may be an important consideration when deciding on initiating or changing thyroid hormone therapy, given that higher levels of FT4 and T3 could change treatment decisions.
Limitations of our study include the cross-sectional design, while ideal for establishing prevalence, we are unable to establish temporality of the observed risk factor associations. Furthermore, this study does not account for the general variability of thyroid function tests in an individual, and there is a possibility that some patients with transient thyroid function tests changes have been misclassified due to the cross-sectional design. As our study used a community-based population, power was limited for some analyses, especially for hyperthyroidism (n = 56 in our study population). Although we adjusted for multiple demographic and clinical risk factors in our analyses, as with any observational study, residual confounding may be a concern. The strengths of our study include a large, well-characterized, community-based sample of older adults including a large number of blacks (21.6%), and individuals greater that 80 years-old (N = 993), which are populations that are often underrepresented. The comprehensive panel of thyroid tests and information on thyroid medications at the time of the study further adds to the strength of our analysis.
Our study demonstrated a high prevalence of thyroid dysfunction in an older, community-based population, which is higher than the previously reported prevalence of thyroid dysfunction in community-based studies with younger and middle-aged populations. Furthermore, our study demonstrated that the prevalence of undiagnosed hypothyroidism in older individuals is higher than what has previously been reported. There were clear differences by sex and race, with older women having a higher prevalence of treated hypothyroidism compared to older men, and older whites having a higher prevalence of subclinical hypothyroidism and treated hypothyroidism compared to older blacks. The prevalence of subclinical hyperthyroidism was greater in blacks compared to whites.
With rising life expectancies and aging populations, it is increasingly important to understand variations in thyroid dysfunction in older individuals and their association with risk factors encountered in daily clinical practice. Our study demonstrated a thyroid dysfunction prevalence of nearly 25% in older individuals. This high prevalence sheds a light on the potential for the underappreciation of both overt and subclinical thyroid diseases, which can have substantial effects on the management and treatment of older patients who might also present with other complex comorbidities. Our results call for greater awareness of thyroid dysfunction, and the potential need for more thyroid function screening in this age group.
Methods
We conducted a cross-sectional study using data from the Atherosclerosis Risk in Communities (ARIC) study. This is a prospective epidemiologic cohort that began with 15,792 individuals recruited between 1987-1989 from 4 study centers in the United States (Forsyth County, North Carolina, Jackson, Mississippi, Minneapolis, Minnesota, and Washington County, Maryland) 26 . The current study involves visit 5 (2011-2013) . All study participants provided informed consent at each study visit.
TSH, % difference (95% CI)
FT4, % difference (95% CI) T3, % difference (95% CI) 
Study variable definitions.
Using ARIC defined cut-offs 18 , the following definitions for each thyroid dysfunction category were used for the main analysis as has been done in previous ARIC papers 18, 27 . For comparison, we also used manufacturer (Roche) defined cut-offs to define prevalence of the various thyroid conditions. Overt hyperthyroidism: serum TSH <0.56 mlU/L and FT4 > 1.4 ng/dL (Roche, TSH <0.27 mIU/L and FT4 > 1.7 ng/ dL), overt hypothyroidism: serum TSH >5.1 mlU/L and FT4 < 0.85 ng/dL (Roche, TSH >4.2 mIU/L and FT4 < 0.93 ng/dL), subclinical hyperthyroidism: normal FT4 (0.85-1.4 ng/dL) and serum TSH below lower limit of reference range < 0.56 mlU/L (TSH < 0.27 mIU/L and 0.93 ng/dL ≤ FT4 ≤ 1.7 ng/dL), subclinical hypothyroidism: normal FT4 (0.85-1.4 ng/dL) and serum TSH higher than upper limit of reference range >5.1mlU/L (TSH >4.2 mIU/L and 0.93 ng/dL ≤ FT4 ≤ 1.7 ng/dL) ( Table 4 ). The presence of anti-TPO antibodies was defined as serum concentration ≥34 IU/ml. Treated thyroid dysfunction was defined as self-reported diagnosis by a physician and currently taking medication for the condition.
BMI was calculated as kg/m 2 . Smoking history was defined as never, former, or current smoker. Alcohol use was defined as never, former, or current drinker.
Statistical analysis.
We evaluated the prevalence of thyroid dysfunction categories according to age, 65-70 (n = 1,018), 71-75 (n = 1,957), 76-80 (n = 1,424), 80 + (n = 993), sex, men (n = 2,257), women (n = 3,135), race, white (n = 4,227), black (n = 1,165), BMI category, normal weight (n = 1,387), overweight (n = 2,149), obese 
